Oligopeptide-based derivatives are important synthons for bio-based functional materials. In this article, a Gly-(L-Val)-Gly-(L-Val)-coumarin (GVGV-Cou) conjugate was synthesized, which forms 3D networks in ethanol. The gel nanostructures were characterized by UV-vis spectroscopy, FT-IR spectroscopy, X-ray diffraction (XRD), SEM and TEM. It is suggested that the formation of charge transfer (CT) complexes between the coumarin moieties is the main driving force for the gel formation. The capability of the gel to encapsulate and release dyes was explored. Both Congo Red (CR) and Methylene Blue (MB) can be trapped in the CT gel matrix and released over time. The present gel might be used as a functional soft material for guest encapsulation and release.
Introduction
Supramolecular gels are fabricated through noncovalent interactions, such as hydrogen bonding, p-p stacking, van de Waals interactions, etc., and they can be used as functional materials in many fields.
1 Peptide-based gels have been attracting much interest due to their ability to form various organized secondary nanostructures (a-helixes, b-sheets, b-turns), and their biocompatibility, which is important for fabricating bio-based materials.
2
One of the most important applications for peptide-based gels is drug encapsulation and release. A lot of fantastic work has been done in this field. 3 Stupp and coworkers synthesized peptide amphiphiles containing the V2A2E2K peptide sequence, which could be used for Prodan release. 4 Zhang et al. have developed an acetyl-(Arg-Ala-Asp-Ala) 4 -CONH 2 (Ac-(RADA) 4 -CONH 2 ) peptide hydrogel that could efficiently encapsulate and release small dye molecules and proteins. 5 Xu et al. have designed supramolecular hydrogels composed of the FFKY sequence connected to Taxol, which could be released in the presence of an enzyme. 6 Such gel matrices could find potential use in therapeutic medicines. Despite these fabulous examples, the design of novel peptidebased gel matrices still needs to meet different requirements for guest capsulation and release. The Gly-(L-Ala)-Gly-(L-Ala) peptide segment plays an important role in forming b-sheet secondary structures, which facilitate the strength of the silk protein. 7 Inspired by such a structure, we have developed a biomimetic tetrapeptide Gly-(L-Val)-Gly-(L-Val), which was proved to have a strong tendency to form b-sheets. 8 In the present investigation, we further explore the potential application of Gly-(L-Val)-Gly-(L-Val) based supramolecular polymers as matrices for guest encapsulation and release. A conjugate of Gly-(L-Val)-Gly-(L-Val) with coumarin (GVGV-Cou) was designed and successfully synthesized. Coumarin was selected as an end group since: (i) it could provide p-p interactions, which facilitate gel formation for peptide based molecules; 9 (ii) moreover, it can perform a reversible [2+2] photoaddition reaction under certain conditions, and thus a soft material with light stimuli-responsive properties is expected.
10
GVGV-Cou can indeed form a stable gel composed of 3D entangled nanofibers in ethanol. Unexpectedly, a strong charge transfer (CT) interaction between the coumarin groups was observed.
11 Normally, such an interaction is observed between a donor and an acceptor, 12 and nanostructures based on singlecomponent CT complex, especially gels, have rarely been reported. Furthermore, the formation of CT complexes between coumarin groups has not been reported before. The only related example in the literature is the formation of CT complexes of a tetraphenylethene-coumarin hybrid (TPE-Cou), which showed a new CT band at 450 nm, but the tetraphenylethene part dominated this CT absorption. 13 According to the newly published review on supramolecular charge transfer nanostructures by Subi J. George et al., the GVGV-Cou gel could be considered as hydrogenbonded CT complexes. 11 Although the formation of such CT complexes prohibits the occurrence of the photoaddition reaction of the coumarin group in the present work, which is critical for preparing light stimuli-responsive drug delivery materials, the GVGV-Cou gel is still able to be used as a soft material for dye encapsulation. Two dyes, Congo Red (CR) and Methylene Blue (MB), were used to probe the dye release and the impact of the type of molecule on this process. The mechanisms of gel formation and dye release were systematically investigated. The molecular packing in the gel assemblies and why the [2+2] photoaddition reaction does not happen are discussed as well.
Results and discussion

Synthesis of the gelator
The synthesis of the Gly-
conjugate is shown in Scheme 1. GVGV-Cou was obtained by coupling 7-hydroxy coumarin decorated with an alkyne group and a Gly-(L-Val)-Gly-(L-Val) peptide segment with an azide terminal by click chemistry. Details of the synthesis are discussed in the ESI. †
Gelation of GVGV-Cou and morphology observations
The gelation of GVGV-Cou was tested both in organic solvents and water (Table 1 ). It was found that GVGV-Cou can form a stable peachy beige gel in ethanol (inset in Fig. 1 ). The gel formation was confirmed by the vial inversion method. The sol-gel transformation can be realized by heating and cooling treatments. The critical gel concentration (CGC) is 15 mg mL
À1
at room temperature (B25 1C). SEM and TEM measurements ( Fig. 1A-C) showed that fibers with widths ranging from tens to hundreds of nanometers were formed. Such fibers further entangled into 3D networks. When checking the fibers in detail, it was found that the thick fibers were actually composed of thinner wires, which are indicated by the yellow arrows in Fig. 1B and C. It is clear that the thin wires hierarchically assembled into thick fibers. It is suggested that fiber-fiber interactions facilitated this hierarchical self-assembly. It needs to be noted that the coumarin group plays a key role in the gelation of GVGV-Cou in ethanol, since if the coumarin group in GVGV-Cou is replaced by an alkyl chain (Scheme S2 in the ESI †), it could not form a gel in ethanol.
Spectral characterization of the organogel
The self-assembly of the gelator was investigated by FT-IR, X-ray diffraction (XRD) and UV-vis spectroscopic techniques. The formation of b-sheets can be clearly observed from the FT-IR spectrum ( Fig. 2 ), where the N-H stretching vibration is positioned at 3284 cm À1 and the CQO stretching vibration is at 1633 cm À1 . Furthermore, anti-parallel b-sheets were confirmed by the weak absorption at 1693 cm À1 from the derivative of the FT-IR spectrum (inset in Fig. 2 ). 14 This speculation was further proved by the temperature-dependent 1 H NMR experiments (Fig. 3 ). In the temperature-dependent 1 H NMR spectra, the resonance signals from H 1 to H 4 are gradually shifted upfield when the temperature increased from 298 to 313 K. The signals for H 5 and H 6 from the coumarin group, however, do not show an obvious shift. We came to the conclusion that the strength of the H-bonds between adjacent GVGV peptide segments became weaker when increasing the temperature. Based on the FT-IR and temperature-dependent 1 H NMR results, it can be deduced that hydrogen bonding also plays an important role in the formation of the gel.
In the XRD spectrum of the xerogel film ( Fig. 4A ), peaks were observed at 2y = 33. 71, 33.11, 23.71, 20.51, 17.41, 16.71, 15.51, 13.61, 11.81, 10.41, 7.71, and 4.61 , which indicated the formation of ordered molecular packing in the fiber structures. According to the Bragg equation, the corresponding d values are 2.65 Å, 2.7 Å, 3.7 Å, 4.3 Å, 5.1 Å, 5.3 Å, 5.7 Å, 6.5 Å, 7.5 Å, 8.5 Å, 11.4 Å, and 19.3 Å. It is obvious that (2.65 or 2.7 Å and 5.3 Å), (3.7 Å, 7.5 Å, and 11.4 Å), and (4.3 Å and 8.5 Å) are basically diploid, suggesting long range ordering of the molecular packing. The d values of 2.65 and 2.7 Å are the distances between neighbouring coumarin groups, and the two peaks might be due to the coumarin packing in different domains. One characteristic peak with a d spacing of 4.3 Å is in accordance with the distance between adjacent peptide strands, indicating the formation of H-bonds. 15 The characteristic peak with a d spacing of 3.7 Å is assigned to the distance between adjacent layers. 15 The d value of 5.7 Å might be the triazole-triazole distance within one layer.
The d values of 6.5 and 5.1 Å are very close to the length and the width of a coumarin group (6.7 and 5.0 Å). In addition, the d value of 19.3 Å is close to the length of the peptide segment with the three methylene groups (21 Å). Based on the FT-IR, 1 H NMR, and XRD data, the molecular packing is proposed in Fig. 4B . The UV-vis spectra were used to check if there were electronic interactions during the self-assembly process (Fig. 5) . First, the molecularly dissolved GVGV-Cou was explored in a dilute solution where methanol was used as the good solvent (0.013 mg mL
À1
). The maximum absorption is at 316 nm, which is assigned to the coumarin group.
10d,16 When the concentration was increased to 1.3 mg mL
, a new band with two peaks centred at 478 and 505 nm appeared, which indicates the formation of certain supramolecular interactions at a higher concentration. In the xerogel film from ethanol, the band absorption at 316 nm was broadened and showed a 15 nm red shift compared to that in the molecular state. Moreover, a new band ranging from 430 to 520 nm with the maximum peak at 510 nm showed up, similar to the new absorption band observed at the higher concentration in methanol. From the UV-vis spectra, it can be concluded that J-type aggregates were formed within the fibers, specific neighbouring coumarin groups adopted an edge-on-edge packing orientation, 17 and charge transfer (CT) interactions occurred.
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The CT complex formation is also proved by the generation of the peachy beige color of the gel. As reported before, peptide segments with a strong tendency to form b-sheets might facilitate or manipulate the self-assembly of the connected p-conjugated systems. In such situations, the Similarly, in our system it is suggested that the formation of anti-parallel b-sheet secondary structures is the first step. After the H-bonded assembly was formed, the coumarin groups were forced to get close to each other and can interact via p-p interactions. As a result, CT complexes were formed. It has been reported that CT interactions are an important noncovalent interaction, which can drive the formation of gels. 11 Normally, donor and acceptor molecules are both needed and two-component CT gels have been obtained. 12 CT gels formed from a single building block are rare. In the present investigation, a single component CT gel driven by H-bonds and p-p interactions was obtained from a peptide-coumarin conjugate (GVGV-Cou).
Since the coumarin group can perform dimerization, light stimuli materials can be prepared. Therefore, the GVGV-Cou gel was illuminated by using 365 nm UV light, but unfortunately, no dimerization was observed in our present system.
Proposed mechanism of the hierarchical self-assembly
Based on the above results, the hierarchical self-assembly process of GVGV-Cou is proposed (Fig. 6) . First, hydrogen-bonded b-sheet nanostructures are formed based on the H-bonds between neighbouring peptide segments, and then coumarin groups from adjacent b-sheets interact by p-p interactions. 13 More specifically, the electron-deficient part of one coumarin molecule interacts with the electron-rich part of another coumarin molecule to form a CT complex. The synergistic effects of H-bonding and such p-p interactions play an important role in the formation of the CT gel. The anti-parallel b-sheet secondary structures bring the coumarin groups into appropriate positions and the CT interactions occur.
The formation of such CT complexes also prevents the [2+2] cyclization normally observed in many other coumarin derivatives from occurring, since the coumarin groups are aligned in a head-to-tail manner, and therefore the double bonds are far away from each other. This is in accordance with our observations. Nanofibers are formed based on the synergy of hydrogen bonding, p-p interactions and charge transfer interactions. Furthermore, the fiber bundles are fabricated through fiber-fiber interactions, and finally the hierarchical fiber bundles and the fibers entangle with each other into three dimensional networks.
Encapsulation and release of guest molecules
Gel networks have been used for guest molecule encapsulation and release for potential use in applications, such as drug controlled release. 1, 19 We have investigated the dye encapsulation and release properties for the present GVGV-Cou gel. Congo Red (CR) and Methylene Blue (MB) are not only biological markers but also therapeutic drugs, for instance, MB can be used to treat methemoglobinemia and CR can be used to treat Huntington's disease. Both CR and MB (Fig. 7) were selected as the guest molecules to check: (i) the guest encapsulation and release abilities of the GVGV-Cou gel; and (ii) the encapsulation and release abilities for different drug molecules. The dye molecule and GVGV-Cou were dissolved in ethanol by heating and the solution was then cooled down to form a cogel. After the stable cogels with CR or MB were formed, ethanol solutions without dye molecules were put on top of the cogels. Fig. 7A and B show pictures of before and after the release of CR. Fig. 7C shows that the GVGV-Cou gel film is very stable and it cannot be dissolved by the upper ethanol solution during the dye release. The release of the dye molecules was monitored by fluorescence (FL) spectra. Fig. 8 shows the time-dependent release rates of the dyes from the cogels via diffusion. It is obvious that both CR and MB can be released from the gel structures. However, the release processes for the two dyes are different. Within the first 5 min, the release rates of MB and CR seem to be similar. After that, the release of CR slows down. After 90 min, about 85% of MB was released, while only 58% of CR can be released from the gel matrices.
To investigate the mechanism for forming the cogels from GVGV-Cou and the dyes, the assembled structures and the molecular packing were characterized by SEM and XRD spectra. Many spherical aggregates were observed besides the fibre nanostructures in the SEM images, both for the GVGV-Cou&CR cogel and the GVGV-Cou&MB cogel (Fig. S3 in the ESI †) . In addition, the XRD spectra of the GVGV-Cou&CR and GVGVCou&MB cogels were found to be almost the same as that of the GVGV-Cou xerogel (Fig. S4 in the ESI †) . However, the peaks corresponding to the coumarin-coumarin packing distances disappeared in the cogels. Based on the SEM and XRD results, it can be concluded that the dyes do not change the overall packing in the gels and are simply trapped inside the 3D fiber networks of GVGV-Cou. In addition, a few dyes intercalate into the coumarin packs via p-p stacking.
The different release ratios in ethanol for CR and MB might be explained by the following factors: (i) the length of CR is about 2.6 nm, while the length is only 1.4 nm for MB. Such different molecular sizes would lead to different mechanisms of interactions between the gel fibers and dye molecules, i.e. CR may have stronger dipole-dipole interactions with the gel fibers than MB does; (ii) in addition, the amino and SQO groups on CR might form hydrogen bonds with GVGV-Cou and such interactions would retard the release of the CR molecules from the gel networks. In short, the GVGV-Cou gel can be used as a matrix for guest molecule encapsulation and release, and the release ratio depends on the guest molecule properties, which can affect the interactions between the gel and guest molecules, and thus the release ratio.
Conclusions
A tetrapeptide-coumarin conjugate (GVGV-Cou) was synthesized and the gel behavior of GVGV-Cou was investigated as well as its ability for encapsulation and release of guest molecules. Anti-parallel b-sheets can be formed between the peptide segments via the formation of H-bonds. It is worth noting that in our study, an unexpected charge transfer (CT) interaction between the coumarin groups was observed and this prohibited the occurrence of [2+2] photoaddition reaction of the coumarin, which has not been reported before. The formation of such a strong CT complex might be facilitated by the strong ability of the GVGV peptides to form b-sheets. Based on the collaborative interactions of hydrogen bonding and CT interactions, GVGV-Cou assembled into a stable gel composed of fibrous structures. Furthermore, the gel can be used as a matrix for the encapsulation and release of dye molecules. The present soft material may find potential applications in materials science as a reservoir for trapping and the controlled release of guest molecules. 
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Experimental section
Compounds
All starting materials were obtained from commercial suppliers and were used as received. All solvents were distilled with suitable drying agents. GVGV-Cou was synthesized according to the following steps: GVGV-Cou was obtained by coupling 7-hydroxy coumarin decorated with an allylene group and a Gly-(L-Val)-Gly-(L-Val) peptide segment by click chemistry. The chemical structure and the purity of GVGV-Cou were confirmed by 1 H NMR spectroscopy and HR-ESI MS. The synthesis of GVGV-alkyl was carried out following the above procedure.
Gel formation
The typical gel preparation method is as follows: 15 mg of GVGV-Cou was dissolved in 1 mL of ethanol by heating and then cooling down slowly to form a stable gel within 5 min. The gel formation was confirmed by the vial inversion method.
Dye encapsulation and release
Cogels consisting of a dye and GVGV-Cou were prepared by the following steps: first, CR or MB was dissolved in ethanol to make a 1 mg mL À1 stock solution; second, 3 mg of GVGVCou was dissolved in 0.2 mL of the CR or MB ethanol solution (1 mg mL
À1
) by heating and then cooling down to form a cogel film in a 5 mL bottle. After the cogel was formed, 2 mL of ethanol solution was put on top of the gel film and the release of the dye molecules was monitored by FL spectroscopy. 0.2 mL of the CR or MB ethanol solution (1 mg mL À1 ) was diluted with 1.8 mL of ethanol and this served as the FL reference.
Characterization 1 H NMR spectra were recorded on a Bruker AMX 600 spectrometer ( 1 H NMR: 600 MHz) at 298 K. HR-ESI mass spectra were obtained on a Bruker APEX IV instrument. UV-vis spectra were recorded in a quartz cuvette with an optical path length of 1 cm or on a quartz slide using a Varian Cary 50 UV-vis spectrophotometer. FT-IR spectra were measured on a Nicolet 6700 FT-IR spectrometer (Thermo Electron Corporation). Xerogels for the SEM and XRD characterization were prepared via evaporating the solvent in the natural atmosphere first and then drying under vacuum overnight. XRD was performed on a Bruker d8 advance X-ray diffractometer with Cu Ka (l = 1.54178 Å) radiation. SEM measurements were performed on a Hitachi S-4800 with an accelerating voltage of 3.0 kV on freshly cleaved mica and the samples were coated with gold before imaging. TEM measurements were performed on a Hitachi H-7650. The solutions were cast onto Cu grids without staining and dried at room temperature before the TEM observations.
